ABSTRACT Two studies were conducted to determine the true P digestibility (TPD) of black-eyed pea (BEP) and peanut flour (PNF) and the TPD response to phytase supplementation using the regression method. Sequential diets containing 115, 230, or 345 g of BEP/ kg (experiment 1) and 115, 230, or 345 g of PNF/kg (experiment 2) without or with 1,000 units of phytase/ kg were formulated. Chromic oxide was added to the diets at the rate of 5 g/kg as an indigestible marker. At 20 d posthatch in each study, 384 male broiler chickens (Ross 708) were weighed and allotted to the diets with 8 replicates of 8 birds each in a randomized complete block design. The birds had free access to the experimental diets until d 26 posthatch. In both studies, dietary P increase and phytase supplementation improved (P < 0.001) growth performance of the broiler chickens. There were linear increases (P < 0. 001) in ileal and excreta P output but a linear decrease (P < 0.001) in apparent P digestibility with an increase in dietary P levels. Phytase supplementation reduced (P < 0.001) ileal P and excreta P output and increased (P < 0.001) apparent P digestibility and retention. Apparent Ca digestibility was affected (P < 0.01) by P level and phytase addition in BEP and by P level (P < 0.05) in PNF. Apparent Ca retention in BEP increased (P < 0.05) with phytase addition. The TPD in the BEP increased (P < 0.01) from 29 without phytase to 83% with the addition of 1,000 units of phytase/kg. There was an increase (P < 0.01) in TPD of PNF from 67 without phytase to 75% with phytase supplementation. There was a corresponding increase (P < 0.01) in true P retention from 10% without phytase to 61% with phytase in birds on BEP diets and an equivalent increase (P < 0.01) in true P retention from 74% without phytase to 84% with phytase in birds that received the PNF diets.
INTRODUCTION
A major proportion of commercial poultry diet is made up of cereal grains and coproducts of oilseeds. A large portion (about 60 to 70%) of the P in these ingredients is bound as the salts of phytic acid, in the form of phytates. Often, when cereal grains and coproducts of oilseeds are included in the diets of broiler chickens, a perplexing situation exists in which a greater proportion of the P is unavailable to the birds. Chickens in general do not produce an adequate amount of the enzymes necessary to hydrolyze phytate to P and inositol (Li et al., 2000) . The addition of microbial phytase to diets containing cereal grains and oilseed meals releases P from the phytate complex. The efficacy of phytase in improving P availability in nonruminant animals has been reported (Coelho and Kornegay, 1996) . The beneficial effects of phytase levels up to 1,000 FTU (phytase units)/kg supplementation to cereal-and soybean meal-based diets for broilers were reported by Pintar et al. (2004) . According to Kiiskinen et al. (1994) , adequate bone mineralization in broilers was supported by supplementing 1,000 FTU/kg to diets based on wheat, barley, oat, and soybean with low or zero P content. Yi et al. (1996) achieved an 11 to 22% increase in BWG and a 6 to 25% increase in feed intake of chickens when the diets were supplemented with phytase. Windisch and Kirchgessner (1996) reported increase in bird performance when broiler diets based on maize and wheat were supplemented with phytase. The positive effect of phytase supplementation in diets of pigs on true P digestibility has also been reported by Akinmusire and Adeola (2009) . In layers, Panda et al. (2005) reported that addition of 500 FTU/kg of diet allowed reduction of nonphytate-P content to 1.2 g/kg in the diets of the birds, eliminated inorganic P supplementation, and resulted in a significant reduction of N and P excretion without affecting production. Mohammed et al. (2010) also reported that supplementation of rice bran diets with phytase significantly improved hen-day production, egg number, egg mass, feed conversion ratio, and shell percentage. Beneficial effects of phytase supplementation in ducks (Wendt et al., 2003; El-Brady et al., 2008) , turkeys (Maguire et al., 2005) , and ruminants (Shanklin, 2001 ) have been reported. According to Ravindran et al. (1994 Ravindran et al. ( , 1995 , approximately 80% of the P in peanut meal occurs as phytate-P. Akpapunam and Achinewu (1985) reported that the phytate-P of cowpea is between 50 and 65% of the total P in the pea. Black-eyed pea (BEP) and peanut flour (PNF) are good sources of plant protein, but their use in diets of broiler chickens has been limited by their phytate contents. Moreover, the amount of digestible P in BEP and PNF has not been reported. The objective of this study was to determine the true P digestibility (TPD) in BEP and PNF as well as BEP and PNF TPD response to phytase supplementation in broiler chickens.
MATERIALS AND METHODS

Diets and Birds
Two experiments, one with BEP (experiment 1) and the other with PNF (experiment 2) were conducted. In each experiment, 6 diets containing 115, 230, or 345 g of the test ingredient without or with 1,000 FTU/kg of diet were formulated. The phytase used was a bacterial 6-phytase expressed in Aspergillus oryzae. Diets in both experiments were formulated to have the same Ca:P ratio. Sequential diets formulated with BEP were calculated to contain 2.83, 3.62, and 4.41 g of P/kg, respectively, and sequential diets formulated with PNF were calculated to contain 2.39, 3.12, and 3.84 g of P/ kg. Chromic oxide was added to the diets at the rate of 5 g/kg as an indigestible marker. The chemical composition of BEP and PNF is presented in Table 1, and  the diet composition for the 2 experiments is presented  in Table 2 .
One-day-old Ross 708 broiler chickens were obtained from a local hatchery, wing-branded, and weighed. They were reared in electrically heated brooders maintained at temperatures of 35°C from d 1 to 7 posthatch and 32°C from d 8 to 20 posthatch. The birds had free access to water and were offered a standard broiler starter diet, which contained 221 g of CP/kg, 3,185 kcal of ME n /kg, 9.9 g of Ca/kg, and 4.5 g of NPP/kg as presented in Bolarinwa and Adeola (2012) . Continuous fluorescent lighting was provided throughout the study. At d 20 posthatch, birds were individually weighed, blocked by weight, and 384 birds were assigned to the 6 diets such that the average weight across the diets was similar. Eight replicate cages were assigned to each dietary treatment with 8 birds each. Birds had free access to water and feed up to d 26 posthatch. Feed consumption (on a cage basis) and individual BW of the broiler chickens were recorded at d 26 posthatch. Temperature was maintained at 27°C during this period, and mortality was monitored daily. The Purdue Animal Care and Use Committee approved bird management protocols.
Collection of Samples and Chemical Analyses
Excreta samples were collected once daily on d 24 and 25 posthatch from pans placed beneath the cages. The samples were dried in a forced-draft oven at 55°C for 5 d. At d 26 posthatch, the birds were euthanized by carbon dioxide asphyxiation and dissected to obtain digesta from the distal two-thirds of the ileum (Rodehutscord et al., 2012) . Digesta samples were obtained by flushing the ileal content with deionized water with care being taken not to squeeze the dissected portion. Samples were pooled from each cage. The left tibia from the 4 heaviest birds in each replicate were obtained, cleaned of any tissues, and placed in labeled containers according to cage. The digesta samples were frozen and freeze-dried. The tibiae were defatted, weighed, and ashed in a muffle furnace at 600°C to determine bone ash. The dried ileal digesta and excreta samples were milled and stored until needed for analysis. Dry matter was determined by drying the samples at 105°C for 24 h. Chromium, Ca, and P concentrations were determined in the test ingredients, feed, and digesta samples following nitric and perchloric acid wet-ash digestion (935.13, AOAC International, 2000) . Chromium and P concentrations were estimated by spectrophotometry (method 946.06, AOAC International, 2000) and absorbance read using a Dynex plate reader (Dynex Technologies Inc., Chantilly, VA). Calcium concentrations in the digested samples were determined by flame atomic absorption spectroscopy method. Absorbance for calcium was read using a Varian Spectr.AA 220FS (Varian Australia Pty Ltd., Victoria, Australia). Nitrogen was determined by the combustion method (model FP2000, Leco Corp., St. Joseph, MI; AOAC International, 2000; 990.03) using EDTA as an internal standard, and gross energy was determined by adiabatic bomb calorimetry (model 1261, Parr Instrument Co., Moline, IL) using benzoic acid as an internal standard. Total phytic acid was determined as described by Rounds and Nielsen (1993) following postcolumn reaction with ferric sulfo- Total P, g/kg salicylate and detection at 500 nm. Nonphytate-P was calculated as the difference between total P and phyticacid P. Phytase activity in the diets was determined using the ISO 30024 (International Organization for Standardization (2009), which was based on the method developed by Gizzi et al. (2008) .
Calculations and Statistical Analyses
Apparent digestibility and retention (i.e., overall utilization) of nutrients or energy was calculated by the index method using the following equation:
where AND is the apparent nutrients or energy digestibility for ileal digesta or output for excreta samples as a percentage, Cr i is the concentration of chromium in dietary intake, Cr o is the chromium concentration in ileal or excreta output, N o is the nutrient concentration in ileal or excreta output, and N i is the nutrient concentration in dietary intake. Analyzed values were expressed as grams per kilogram of DM.
All data were analyzed using the GLM procedure of SAS (SAS Institute Inc., Cary, NC). The model for this analysis consisted of block (7 df), P level (2 df), phytase level (1 df), and the interaction P and phytase levels (2 df). Orthogonal polynomial contrasts were used to determine effects of P and phytase on all response criteria, and α level of 0.05 was considered significant.
In each experiment, the dietary P intake was calculated as concentration of grams of P intake per kilogram of DM intake. Digestible P was calculated as proportion of P intake that was digested (g of P intake/kg DM × apparent P digestibility/100). Apparent P retention was calculated as proportion of the P intake that was not voided in the excreta. In both experiments, the design was a randomized complete block. Each of the 6 diets was offered once within a block of 6 cages. Therefore, ileal digestible P intake (g/kg of DMI) or retained P intake (g/kg of DMI) was regressed against P intake (g/kg of DMI) per block of 6 cages for 0 units of phytase/kg or 1,000 units of phytase/kg using the following statistical linear regression model:
where PD represents ileal digestible or retained P, which is the difference between dietary P intake and ileal or excreta P output; EPL represents the intercept; PI represents P intake; TPD is the slope of the regression, which represents an estimate of true ileal P digestibility or true P retention. Slopes of the regression were compared among phytase treatments (0 and 1,000 FTU/kg) and sampling sites (ileal digestibility and total tract retention) using 95% CI derived from SE of respective slopes of regression.
RESULTS
All the birds were healthy throughout the studies and no mortality was recorded. The high energy concentration in the PNF (Table 1) can be attributed to the high oil content. The analyzed nutrient compositions in experimental diets are presented in Table 2 . The diets were formulated to contain same Ca:total P ratio of 1.33. However, based on the analyzed values of Ca and P, the Ca:total P and the Ca:nPP ratios varied slightly from calculated ratios. Increase in the contents of gross energy, CP, Ca, and P in sequential diets without or with phytase was due to the graded inclusion of BEP (experiment 1) or PNF (experiment 2) at the expense of corn starch. The activity of phytase in the phytase-supplemented diets in both experiments was either slightly below or above the added level of 1,000 FTU/kg of diet. The phytase activity in the diets with no phytase added was negligible at less than 100 FTU/ kg.
Experiment 1-TPD of BEP
Growth performance, digestibility of DM, Ca, and energy as well as tibia ash and Ca retention are presented in Table 3 . There were linear increases (P < 0.001) in BW gain (BWG), feed intake, and G:F of birds with graded dietary BEP level irrespective of supplementation with phytase. Phytase supplementation and concentration of dietary P affected (P < 0.001) these response criteria. Phytase supplementation or P level had no effect on tibia ash. There was a quadratic response (P < 0.05) to graded levels of BEP in ileal digestibility of DM, Ca, and energy regardless of phytase supplementation (Table 3) . Phytase supplementation increased (P < 0.05) ileal digestibility of DM, Ca, and energy. Phytase supplementation significantly (P < 0.05) increased Ca retention, but there was no effect of P level and its interaction with phytase on Ca retention.
There were linear increases (P < 0.001) in ileal P, excreta P, and apparent P retention, irrespective of phytase supplementation (Table 4) . Without phytase supplementation, apparent P digestibility linearly decreased (P < 0. 001), which was restored with phytase supplementation. Phytase supplementation reduced (P < 0.001) ileal and excreta P output and increased (P < 0.001) the apparent P digestibility and retention. The interaction of P with phytase (P < 0.001) affected ileal P output, excreta P output, and apparent P digestibility. In diets that were not supplemented with phytase, there were quadratic increases (P < 0.001) in ileal P output and a quadratic effect (P < 0.001) on apparent P digestibility. With phytase addition, there was a quadratic effect (P < 0.05) only on ileal P output (Table  4 ). The linear relationship between ileal digestible or retained P and dietary P intake is shown in Table 5 .
True P digestibility of BEP with phytase supplementation at 83% was higher (P < 0.01) than the TPD of BEP without phytase supplementation at 29%. The true P retention with phytase supplementation at 61% was higher (P < 0.01) than that without phytase supplementation at 10%. Addition of phytase was effective in the improvement of P digestibility at the ileal level by 54 percentage points and a corresponding increase in the amount of P retained in diets supplemented with phytase over those without phytase by 51 percentage points.
Experiment 2-TPD of PNF
Body weight gain and G:F were linearly improved (P < 0.001) regardless of phytase supplementation (Table  3 ). Phytase addition improved (P < 0.001) weight gain and feed intake but had no effect on G:F. There was a linear (P < 0.001) and quadratic (P < 0.05) decrease in ileal DM digestibility in diets without phytase, and linear (P < 0.05) and quadratic (P < 0.001) increases for the same response criterion for diets with added phytase. The digestibility of Ca linearly decreased (P < 0.05) for diets without phytase. There was a quadratic effect (P < 0.05) on Ca digestibility with addition of phytase. A linear (P < 0.05) and quadratic (P < 0.05) decrease was observed for energy digestibility in diets without phytase and a linear and quadratic (P < 0.001) increase in the energy digestibility in diets with phytase supplementation. Addition of phytase affected (P < 0.001) ileal DM and energy digestibility. There was no effect of phytase, P level, or their interaction on Ca retention. But there was a linear effect (P < 0.05) on Ca retention without phytase supplementation.
Ileal P digestibility and retention were affected (P < 0.05) by increasing dietary PNF and phytase supplementation (Table 4 ). There was a linear (P < 0.001) and quadratic (P < 0.05) increase in ileal P output without or with phytase supplementation. A linear decrease (P < 0.001) in apparent P digestibility was observed in the diets, irrespective of phytase addition. There was a linear increase (P < 0.05) in apparent P retention of diets without added phytase but only a numerical increase in diets with phytase. Phytase supplementation decreased (P < 0.001) ileal P and excreta P and increased (P < 0.001) apparent P digestibility and retention. Dietary P intake increased ileal P output (P < 0.001) and apparent P retention (P < 0.05), and decreased apparent P digestibility (P < 0.001). The TPD of PNF without phytase supplementation at 67% was less (P < 0.01) than the TPD at 75% with phytase supplementation. The true P retention at 85% with phytase supplementation was higher (P < 0.01) than that at 74% without phytase supplementation (Table 5) . Phytase supplementation effectively increased digestible P of PNF at the ileal site by 8 percentage points, and a corresponding increase in true P retention by 11 percentage points with phytase addition was observed. 
DISCUSSION
Estimating TPD in legume seeds is important because they make up a significant proportion of poultry diets. But P availability from these seeds can be enhanced by phytase supplementation. Using the regression method has been reported to be useful in estimating the digestible P in feed ingredients (Fan et al., 2001; Dilger and Adeola, 2006; Akinmusire and Adeola, 2009 ). Estimating the TPD of BEP and PNF is important because of the use of these feedstuffs as alternative protein sources in broiler chicken feed. In the formulation of the diets for the BEP and PNF studies, an increase of P in sequential diets was achieved by increasing the amounts of BEP and PNF to ensure graded levels of P intake by the birds. The range in phytase activity in the diets without added phytase was less than 100 units/ kg, whereas for the supplemented diets the range was from 872 to 1,211 units/kg. Phytase activity above 500 units/kg has been reported (Weremko et al., 1997) to have less distinct increase on P digestibility.
In the current study, the phytate-P accounted for 66.1 and 62.6% of total P in BEP and PNF, respectively. These values are similar to reported values of phytate-P in BEP and peanuts (Akpapunam and Achinewu, 1985) . The birds showed linear responses in BWG, feed intake, G:F, and DM intake as the BEP increased in the diets. For the PNF diets, the birds showed linear responses in BWG, G:F, ileal DM digestibility, Ca, and gross energy as PNF increased in the diets. These linear responses were therefore also related to the P intake in the diets in experiment 1 (BEP) because the inclusion of the test ingredients alone accounted for the graded increases in the P concentrations of the diets. In experiment 2 (PNF), where there was no difference in feed intake between diets 2 and 3, the P intake values were linear (not shown in table) due to an increase in the P concentration in sequential diets (Table 2 ), making it possible to relate P digested to P intake in the regression analysis. The improved growth performance obtained with increase in the levels of BEP and PNF can be attributed to increased intake of nutrients. Phytase supplementation of the BEP and PNF diets significantly improved the growth performance of the birds. Similar results have been reported in broiler chickens and pigs by Singh et al. (2003) , Akyurek et al. (2005) , and Jendza et al. (2006) . The improvement in growth performance of the birds as a result of phytase supplementation could be attributed to increased feed intake and feed efficiency, which can be due to increased release of P from phytate-mineral complex as reported by Qian et al. (1996) and Sebastian et al. (1996) . It could also have been due to increased utilization of inositol (Simons et al., 1990) , starch digestibility (Knuckles and Betschart, 1987) , protein and amino acid digestibility (Ravindran et al., 2000) , or overall nutrient utilization (Miles and Nelson, 1974) . Our results of improved energy, Ca, and ileal DM digestibility in both experiments support these earlier reports of the efficacy of the phy- tase used in improving the growth performance of the birds.
From the current study, there was strong linear relationship between P intake and ileal P output, apparent P digestibility, and retention. Increase in dietary P intake resulted in increase in apparent digestibility of P in BEP with phytase supplementation. Similar results have been reported by Shen et al. (2002) . In experiment 1, ileal P output accounted for 19.0 to 24.3% of the P intake in diets without phytase and 10.6 to 16.6% in diets with phytase. In experiment 2, ileal P output was 21.9 to 41.7% of the P intake in diets without phytase and 14.1 to 20.7% in diets with phytase. Of the P intake, excreta P output accounted for 69.1 to 78.2% without phytase and 33.7 to 36.0% with phytase in experiment 1. In experiment 2, of the P intake, excreta P output accounted for between 76.9 and 57.0% without phytase and 47.7 and 34.7% with phytase. Phytase supplementation resulted in significant reduction of ileal and excreta P and increased apparent P digestibility and retention in experiment 2 (PNF), and in experiment 1 (BEP) it significantly increased apparent P retention. These results show the efficacy of phytase supplementation in improving P utilization and confirm previous observations (Sebastian et al., 1997; Rutherfurd et al., 2004; Akyurek et al., 2005; Patras et al., 2006; Akinmusire and Adeola, 2009) . There was no effect of both incremental P levels and phytase supplementation on tibia ash in both experiments. Different results have been reported in the literature of the effect of phytase supplementation on tibia ash. Pintar et al. (2004) and Powell et al. (2011) reported increases in tibia ash with phytase supplementation. Persia and Saylor (2006) reported no effect of phytase supplementation on tibia ash in diets of broiler chickens. Results of tibia ash from the current study of between 43.5 and 49.1% (experiment 1) and between 42.9 and 50.8% (experiment 2) with phytase addition are similar to those of Persia and Saylor (2006) of 47.6 to 48.3% with addition of 600 units of fungal phytase/kg of feed. The differences in the results of our current study to those of Pintar et al. (2004) and Powell et al. (2011) could be attributed to the differences in the levels of Ca in the diets. In the current study, the level of Ca ranged from 4.60 to 5.86 g/kg (experiment 1) and 3.53 to 5.99 g/kg (experiment 2). In the study of Pintar et al. (2004) , the level of Ca was 6.10 to 7.20 g/kg, and the level was 6.70 to 13.3% in Powell et al. (2011) . The larger range in the Ca:nonphytate-P ratio of 3.35:1 to 6.65:1 in the Powell et al. study was higher than the ratio of 2.47:1 to 3.26:1 (experiment 1) and 2.24:1 to 2.79:1 (experiment 2) in the current study. In the study of Snow et al. (2004) , the authors observed improved growth performance and bone mineralization with phytase supplementation only when the Ca:nonphytate-P ratio was widened from 4.8:1 to 5.8:1 by increasing the dietary Ca concentration. According to Bronner (1987) , an increase in dietary Ca concentration resulted in increased Ca absorption required for incorporation of P into bones. The short feeding duration of 6 d and the age of the birds (26 d) could be additional reasons why there was no effect of phytase on tibia ash in the current study.
Values of TPD of 36.6% for peas and 50.8% for fava beans in pigs have been reported by Fang et al. (2007) . These values differ from reported values in the current study possibly due to species differences. In the current study, TPD was improved by 54 percentage points by phytase in BEP and by 8 points in the PNF. Correspondingly, the retention of P was improved by 51 percentage points by phytase in BEP and by 10 points in PNF. Phytase supplementation has been reported to improve the amount of digestible P in plant feedstuffs and consequently reduce P loss from feed ingredient. Akinmusire and Adeola (2009) reported improvement in TPD of canola and soybean meal with addition of phytase to diets of growing pigs. Rutherfurd et al. (2004) reported a 10 to 12% increase in TPD at the terminal ileum with phytase supplementation of low P diets containing soybean meal, wheat bran, and rapeseed meal in broiler chickens with a corresponding Table 5 . Linear relationships between ileal digestible intake or retained P intake (g/kg of DMI) and P intake (g/kg of DMI) of birds fed black-eyed pea (experiment 1) or peanut flour (experiment 2) without or with phytase supplementation 1 Item Regression of ileal digestible P intake vs. P intake 10.5% increase in phytate degradation at the terminal ileum. Phytase supplementation has also been reported to improve Ca and P retention in broiler chickens (Lim et al., 2001; Viveros et al., 2002) , P utilization in Atlantic salmon (Sajjadi and Carter, 2003) , and digestible P in pigs with a reduction in excreted P by 21.5% in the animals (Harper et al., 1997) . These reports support results in the current study of improved ileal digestible P and a corresponding P retention in both experiments. The significant effect of phytase addition on apparent P digestibility and retention in both experiments contributed to TPD in the BEP and PNF. The lower TPD and P retention for BEP compared with PNF in diets without phytase can be attributed to the antinutritional factors in BEP, which is reported to contain, apart from phytic acid, other antinutrients such as condensed tannins (Tshovhote et al., 2003) and protease inhibitors (Ibrahim et al., 2002) , which are known to reduce nutrient digestibility in nonruminant animals. Moreover, the BEP used in the current study was in the raw form, whereas the PNF was the processed flour from peanuts. The processing may have reduced the concentrations of the antinutrients in the PNF.
Results from the current study show that irrespective of the feed ingredient, there was a similarity in the effect of phytase on P digestibility and retention. In BEP, ileal TPD and retention values were low without phytase, but these values increased significantly with addition of phytase. In the PNF, though ileal TPD and retention values were higher, nevertheless, the addition of phytase increased both TPD and retention by similar proportion. Similar effect of phytase on ileal P digestibility and retention has been reported by Leytem et al. (2008) who in a study with corn, wheat, barley, and oat in broiler chickens reported an increase in the hydrolysis of phytate P and a 3-fold increase in P retention as a result of addition of 1,000 phytase units to the diets. According to the authors, both total P and water soluble P were reduced by phytase supplementation.
In conclusion, the results from the current study show that increase in dietary phytate P intake from BEP and PNF increased ileal and excreta P, but phytase addition to these diets reduced ileal and excreta P. Phytase supplementation increased P retention from 10 to 61% in BEP and from 74 to 84% in PNF, an indication of better P utilization by phytase in both feed ingredients. True P digestibility in BEP and peanut flour were 29 and 67%, respectively, without phytase, and supplementation with phytase improved the respective TPD to 83 and 75%.
